Blumeria graminis f.sp. hordei (Bgh) attack disrupted stomatal behaviour, and hence leaf water conductance (g l ), in barley genotypes Pallas and Risø-S (susceptible), P01 (with Mla1 conditioning a hypersensitive response; HR), and P22 and Risø-R (with mlo5 conditioning papilla-based penetration resistance). Inoculation caused some stomatal closure well before the fungus attempted infection. Coinciding with epidermal cell penetration, stomatal opening in light was also impeded, although stomata of susceptible and mlo5 lines remained largely able to close in darkness. Following infection, in susceptible lines stomata closed in darkness but opening in light was persistently impeded. In Risø-R, stomata recovered nearly complete function by~30 h after inoculation, i.e. after penetration resistance was accomplished. In P01, stomata became locked open and unable to close in darkness shortly after epidermal cells died due to HR. In the P22 background, mlo5 penetration resistance was often followed by consequential death of attacked cells, and here too stomata became locked open, but not until 24 h after pathogen attack had ceased. The influence of epidermal cell death was localized, and only affected stomata within one or two cells distance. These stomata were unable to close not only in darkness but also after application of abscisic acid and in wilted leaves suffering drought. Thus, resistance to Bgh based on HR or associated with cell death may have previously unsuspected negative consequences for the physiological health of apparently 'disease-free' plants.
Introduction
Disease control through inherent plant resistance is a vital component in sustainable crop production because it eliminates dependence on costly fungicides with their potential and perceived threats to the environment and consumer. A serious pathogen of small grain cereals, powdery mildew, incited by the obligate biotrophic fungal pathogen Blumeria graminis DC Speer f.sp. hordei Marchal (Bgh) is studied here. The relationship between expression of different resistance mechanisms and the time-courses of stomatal action are considered because of the pivotal role of stomatal function in regulating photosynthesis and transpiration.
A good understanding of temporal and spatial development of powdery mildew is required to interpret our results, thus these will now be described (Fig. 1) . Over the first 12 h after inoculation (h.a.i.), Bgh germling development follows an ordered morphogenetic sequence (Green et al., 2002) . First, the short primary germ tube (PGT; Fig. 1A , B) emerges at ;1 h.a.i., attaches to the plant, and forms a short peg that penetrates the cuticle (Edwards, 2002) . The appressorial germ tube (AGT; Fig. 1A , B) emerges soon after the PGT, elongates and differentiates a lobed, apical appressorium by ;10 h.a.i. (Fig. 1C) . A penetration peg formed under the appressorium (10-12 h.a.i.) attempts to breach the cuticle and epidermal cell wall. On susceptible hosts, penetration tends to be successful and the peg tip swells within the host cell (12-15 h.a.i.) differentiating (15-20 h.a.i.) into a haustorium (Fig. 1D ) that develops numerous digitate processes over the next 4-5 d. Haustoria absorb nutrient to feed ectophytic mycelia (Fig. 1E, F ) from which subsequent generations of haustoria (from 3 d) and conidiophores (from 4 d; Fig. 1G ) are produced.
Even in susceptible hosts, not all infection attempts succeed, and two distinct host cell responses can arrest fungal development. In one, a defensive papilla formed by the living plant epidermal cell (Fig. 1H, I ) prevents penetration. Small papillae form beneath PGT tips (Fig.  1H ), but the larger ones formed beneath appressoria (Fig.  1H ) have been studied in greater detail (Zeyen et al., 2002) . AGTs may sequentially differentiate further lobes (Fig. 1H, I ), each attempting penetration in turn until fungal resources are exhausted. Papillae are chemically complex appositions comprising inorganic and organic constituents including callose, and autofluorogenic phenolics (Fig. 1B, I ). Their deposition involves generation of nitric oxide (Prats et al., 2005) and hydrogen peroxide (Vanacker et al., 2000) , cytoskeletal rearrangement (Kobayashi et al., 1997; Opalski et al., 2005) , and redirected cytoplasmic streaming and aggregation (Zeyen et al., 2002) . These events are likely to be directing vesicles containing papilla components to the site of attempted penetration. Vesicle targeting involves SNARE proteins and the general membrane trafficking factor SNAP (Collins et al., 2003; Assaad et al., 2004) , suggesting that papilla formation is mediated by processes akin to membrane/vesicle trafficking in animal systems (Pelham, 2001) . Effective papilla defence also enhances the ability of cells adjacent to the attacked cell to form papillae in response to subsequent attacks (Lyngkjaer and Carver, 2000) , indicating that intercellular communication is a consequence of the response.
MLO is a calmodulin-binding membrane protein which acts to suppress papilla-based defences (Kim et al., 2002) . In mlo varieties, papillae are readily formed following Bgh challenge, and barley varieties with mlo show effective and durable field resistance (Schulze-Lefert and Panstruga, 2003) . However, mlo alleles are often associated with adverse pleiotropic effects including spontaneous necrotic flecking and reduced yield (Kjaer et al., 1990) , although the severity of these effects is strongly influenced by genetic background (Bjørnstad and Aastveit, 1990) .
The second type of response is enhanced epidermal cell death, which occurs much more frequently in resistant compared with susceptible barley genotypes. In resistant genotypes, cell death results from a race-specific, single gene-controlled hypersensitive response (HR) and prevents nutrient flow to the fungus (Fig. 1J, K) . If a fungus overcomes the papilla defence, plants with such 'major' gene resistance, for example, with alleles at the Mla locus, will elicit a localized HR . In Mla1 barley, epidermal HR occurs before or soon after a haustorium forms (Zeyen et al., 1995) . Among the first signs of HR are H + and Ca 2+ efflux from the apoplast (12-24 h.a.i.; Felle et al., 2004) and, within the attacked cell, the transient generation of nitric oxide (12-16 h.a.i.; Prats et al., 2005) and H 2 O 2 (15-16 h.a.i.; ThordalChristensen et al., 1997; Huckelhoven and Kogel, 2003) .
The whole epidermal cell subsequently shows autofluorescence ( Fig. 1K ; Vanacker et al., 2000) , as phenolic compounds accumulate, and this is a good indicator of cell death (Lyngkjaer et al., 2001) . As with papilla formation, HR also enhances the papilla response in neighbouring cells (Lyngkjaer et al., 2001) , again indicating intercellular communication due to a resistance response.
These disease responses impact on whole plant physiology. In susceptible plants, infection increases respiration, decreases photosynthesis, accelerates leaf senescence, impairs shoot and root growth, and reduces yield (Jenkyn and Bainbridge, 1978) . Attack can also reduce yield and grain protein in plants with effective major gene resistance that develop no apparent disease (Smedegaard-Petersen and Stølen, 1981) : these losses were ascribed to increased respiration associated with HR, although this effect was transient.
Stomata are important regulators of plant interactions with their environment, and their movements control transpiration. They respond to factors such as partial pressures of CO 2 , light, and water status, and can exhibit circadian rhythms (Webb, 2003) . Abscisic acid (ABA), often produced by roots in drying soil, has long been implicated in stomatal control, and acts by liberating calcium from internal stores via cADPR and IP 3 -mediated signalling (Leckie et al., 1998; Staxen et al., 1999; Hamilton et al., 2000) . The calcium liberated inhibits K + influx, H + efflux, and the H + /sucrose symporter which reduce internal osmolyte levels and thus guard cell turgidity (reviewed by Outlaw, 2003) . Possible impacts of plant-pathogen interactions on stomatal function may be via defence-associated end of its central body. (G) By 96 h.a.i., mycelial growth is extensive. Repeated penetration from hyphal appressoria has resulted in the formation of further haustoria (not shown), and bulbous conidiophores (Co) have started generating chains of conidia (CC) for wind dispersal. (H-K) Resistance responses viewed 30 h.a.i. (H) Transmitted light and (I) fluorescence images of a germling that failed to penetrate a living plant cell from its first appressorial lobe and therefore formed a second lobe (L2). Refractive, autofluorescent papillae subtend both appressorial lobes and the PGT, although fluorescence is weak in the smaller papilla subtending L2. (J, K) Epidermal cell death (CD) as a result of single gene-controlled hypersensitivity that prevents further pathogen growth. By SEM (J), dead epidermal cells are obviously collapsed while they show whole-cell autofluorescence viewed by fluorescence microscopy (K). In lines carrying Mla1 attacked by an avirulent fungal isolate, most cells that do not form an effective papilla collapse and become autofluorescent by 24 h.a.i. H 2 O 2 and NO generation, which have also been shown to mediate ABA effects on stomata (Pei et al., 2000; GarciaMata and Lamattina, 2001; Desikan et al., 2002) . Further, ABA effects on plant-pathogen interactions are now being noted. Tomato mutants with reduced ABA levels showed enhanced resistance to the necrotrophic pathogen Botrytis cinerea (Audenaert et al., 2002) , and the hemibiotroph Pseudomonas syringae pv. tomato (Thaler and Bostock, 2004) , and the Arabidopsis ABA-deficient mutant aba1-1 shows reduced susceptibility to virulent isolates of Peronospora parasitica (Mohr and Cahill, 2003) . In such cases, ABA may act by suppressing defence signalling mediated by salicylic acid, ethylene, or jasmonates (Audenaert et al., 2002; Anderson et al., 2004) . Interestingly, the fungal pathogen itself could be a source of ABA (Siewers et al., 2004) . Conversely, ABA can also increase plant resistance. For example, ABA treatments increased resistance to Bgh in barley (Wiese et al., 2004) .
Given these data, it is perhaps unsurprising that several studies suggest that pathogens can affect plant stomatal function (reviewed by Ayres, 1981) and thereby indirectly affect plant performance. For example, Ayres and Zadoks (1979) showed that stomata of powdery mildewed barley fail to open fully in the light. However, two earlier timecourse studies of transpiration (Majernik and Mansfield, 1971 ) and stomatal behaviour (Priehadný, 1975) in susceptible and resistant barley failed to detect substantial effects of powdery mildew attack until at least 5 d after inoculation, by which time secondary effects, such as leaf senescence, may have occurred.
The relationships between stomatal behaviour and disease development in susceptible barley and the execution of resistant responses in isolines with the Mla1 allele conditioning HR or the mlo5 allele conditioning papillabased resistance have been studied here. Rapid nondestructive methods have been combined with direct microscopic observation and a range of stomatal responses depending on the presence or absence of papilla-and HRbased resistance have been demonstrated. The mechanisms responsible for previously unreported responses and their consequences for plant performance are discussed.
Materials and methods
Pathogen, plants, inoculation, and incubation Isolate CC1 of Bgh was maintained in a spore-proof greenhouse on seedlings of susceptible barley cv. Pallas shaken 1 d before experimentation to remove ageing conidia. The barley genotypes used were cv. Pallas and its near-isogenic derivatives P01, with Mla1, and P22, with mlo5 (Kolster et al., 1986) , as well as the susceptible barley genotype Risø 4567-S (abbreviated Risø-S) and its near-isogenic derivative Risø 4567-R (Risø-R) with mlo5 (Jørgensen and Jensen, 1976) . Plants were grown individually in 303110 mm plastic centrifuge tubes (with two 5 mm drainage holes) containing nutrient-balanced, peat-based compost (Levington M2; Levington Horticulture, Ipswich, Suffolk, UK). Tubes stood in trays filled to ;50 mm depth with the same compost which was watered freely throughout (unless stated otherwise). Plants were grown in a room at 20 8C, 70% relative humidity and under 12 h dark/12 h light with 450 lmol m ÿ2 s ÿ1 photon flux density supplied by high-output white fluorescent tubes.
When first-formed leaves were fully expanded (10-11 d), plants for inoculation were taken to a laboratory while controls were removed to an adjacent room so that all experienced the same environmental fluctuations. For inoculation, plants were arranged around the base of a settling tower beneath which the first-formed leaves were laid flat, adaxial surface up, before inoculation with 100-110 conidia mm ÿ2 . One experiment required inoculation of only the tip or base half of leaves, in which case the other portion was temporarily covered with a polyethylene mask. After inoculation, all plants were returned to the growth room. Unless stated otherwise, the 12 h dark period commenced immediately after inoculation.
Stomatal conductance of inoculated and healthy leaves
Leaf water conductance (g l ) was measured with an AP4 cycling porometer (Delta-T Devices Ltd, Cambridge, UK). g l is the sum of epidermal and stomatal conductance but, as epidermal conductance of barley is low, changes in g l largely reflect changes in stomatal aperture. The porometer allows rapid measurement that is nondestructive and samples a relatively large area (17.532.5 mm) of leaf. It was usually used on the centre of the adaxial surface of leaf laminae. However, to determine whether inoculation of the tip half of a lamina affected g l in the basal, uninoculated half, and vice versa, measurements were made in the centres of the two regions and from equivalent regions of uninoculated leaves. In light, a single measurement took <20 s and 10 replicate plants were measured in <5 min. In darkness it took slightly longer because g l was lower. In each experiment, sets of 10 healthy and 10 inoculated plants of the chosen barley lines were measured, each set being held in adjacent trays on the growth room bench. The porometer was wiped clean after measuring inoculated leaves to avoid transferring the pathogen.
Comparisons of g l between inoculated and healthy plants of a barley line were made by one-way analysis of variance (ANOVA) using Genstat (Baird et al., 2002) . Since different barley lines were inoculated under separate settling towers, uncontrolled factors (e.g. spore viability) may have differed, so no direct comparisons between lines were made. Where only leaf tips or bases were inoculated, ANOVA compared g l of inoculated and uninoculated regions within leaves and equivalent regions of healthy leaves. Mean separation was determined by calculating the least significant difference (LSD), and P <0.05 was taken to indicate significance.
Effects of drought on stomatal conductance in P01
Measurement of g l was made on well-watered inoculated and healthy P01 plants 59 h.a.i. (1 h before the end of the third dark period) and 110 h.a.i. (2 h after the start of the fifth light period). At 120 h.a.i., all tubes were transferred to racks, allowing the compost to dry, and g l was re-measured during the two successive light periods (132-144 and 156-168 h.a.i.) and, finally, 1 h before the end of the next dark period (179 h.a.i.; i.e. 59 h after water was withheld). ANOVA compared g l between healthy and inoculated leaves within sample times.
Effects of abscisic acid (ABA) on stomatal conductance in P01
Measurement of g l was made on inoculated and healthy P01 leaves 59 h.a.i. (before the end of the third dark period) and 64 h.a.i. (4 h into the third light period). Starting at 65 h.a.i., leaves were immersed for 5 s in 100 lM ABA [containing 326 lM methanol and 0.01% (v/v) Tween-20], one after another (the entire procedure was accomplished within 10 min). Within 30 min, all leaves appeared dry, and g l was re-measured. ANOVA compared g l before and after ABA treatment within inoculated and healthy leaves, and between healthy and inoculated leaves within sample times.
Transmitted light and incident fluorescence microscopy
At the termination of certain time-course experiments, fungal development and host cell responses were assessed by transmitted light and incident fluorescence microscopy (blue exciter filter, maximum transmittance 480 nm; dichroic mirror and barrier filter transmittance >530 nm; 3400 magnification). The central 30 mm segment from four of the 10 inoculated leaves of each line was fixed, cleared, and stained with 1% aniline blue in lactoglycerol by methods that avoid germling displacement (Lyngkjaer et al., 2001) . The presence of fungal structures and the outcome of attacks on 40 randomly selected stomatal complexes (guard and subsidiary cells) and on epidermal cells directly adjacent to each complex (type 'A' cells sensu Koga et al., 1990; Fig. 4) were determined for every leaf. Note was made of whether leaf cells were in contact with an appressorium, whether they were alive but had been penetrated and contained a primary haustorium, or whether they had been killed as a result of attack. As in many previous studies (Zeyen et al., 1995; Lyngkjaer et al., 2001; Prats et al., 2005) , plant cell death was recognized by their whole-cell autofluorescence (Fig. 1K ) and cytoplasmic disorganization.
Low-temperature scanning electron microscopy (LTSEM) At various times after inoculation, 5 mm square pieces cut from inoculated or healthy leaves of plants grown for the purpose were attached to flat copper SEM stubs using colloidal graphite. Mounts were then cryofixed within 30 s by immersing stubs in liquid nitrogen where they were stored until required. Stubs were introduced to a precooled stub holder (approximately ÿ190 8C) and transferred to the cold stage (approximately ÿ160 8C) of a JEOL JSM 840 SEM which was then warmed (10 min at ÿ70 8C) to remove surface ice. Stubs were then returned to a sputter-cryo system (Emscope SP2000A) and gold coated before observation at approximately ÿ160 8C on the SEM cold stage using 3.0 or 5.0 kV electron accelerating voltage. Images were recorded digitally using a digitizer board and software (SemAforeÔ, JEOL) running under a WindowsÔ operating system.
Results
Challenge with Bgh affects stomatal behaviour in susceptible barley cv. Pallas and in P01 carrying the Mla1 allele conditioning HR Measurements of leaf water conductance (g l ): Figure 2 shows temporal changes in g l for healthy and inoculated Pallas and P01 leaves measured frequently during either light ( Fig. 2A) or dark (Fig. 2B ) periods over 2-3 d following inoculation. In healthy leaves of both lines, g l was high (but somewhat variable) in the light and low and stable in darkness. During the first light period (14-24 h.a.i.), inoculation with Bgh reduced g l in both lines. This suggested that, irrespective of host resistance, attempted pathogen penetration impaired stomatal opening in the light. During the first dark period (to 12 h.a.i.), Bgh inoculation significantly reduced g l in P01, but the effect was inconsistent and less noticeable in Pallas. As appressoria had only recently matured when these reductions in g l first occurred, these effects on stomatal changes preceded attempted penetration.
In inoculated leaves of susceptible Pallas, g l fell rapidly with the onset of subsequent dark periods and remained low and similar to that of healthy leaves. However, in each light period, g l remained substantially and significantly lower than for healthy leaves in both experiments. Thus, stomatal opening in response to light was permanently impaired after fungal colonies became established at ;24 h.a.i. In contrast, during the second and third light periods, g l of inoculated P01 leaves gradually increased to approach that of healthy leaves. However, a more striking difference between the barley lines became evident in the second and third dark periods. Unlike in Pallas, the g l of inoculated P01 remained relatively (and increasingly) high in successive dark periods. Thus, following epidermal cell death due to HR, i.e. from ;24 h.a.i., stomata of inoculated P01 leaves progressively lost their ability to close in darkness.
A follow-up experiment assessed longer term effects of inoculation in P01. At 107 h.a.i., g l in the dark remained very high in inoculated leaves (;290 mmol m ÿ2 s ÿ1 ) compared with healthy leaves (;97 mmol m ÿ2 s ÿ1 ; P <0.001). During the next light period (114 h.a.i.), g l was unaffected by inoculation (;397 and 474 mmol m ÿ2 s ÿ1 in inoculated and healthy leaves, respectively; not significantly different). Thus, stomatal 'lock-up' seen in Fig. 2 was maintained into at least the fifth day, with stomata apparently remaining unable to respond to darkness even though HR would have been executed >80 h earlier.
Relationships between fungal attack, host cell responses, and stomatal action: It was important to relate the trends seen in Fig. 2 to stomatal function. Very few stomatal complexes were in direct contact with appressoria in leaves fixed at the termination of experiments 1 and 2. Of the 640 examined (40 from each of four leaves/barley line/experiment), there were only 19 cases (<3%) of appressoria with direct guard or subsidiary cell contact. This is not surprising since these occupy only a small percentage of the leaf surface (Hirata, 1967) . However, image analysis showed that in Pallas 42.4% (SD 5.9), and in P01 45.6% (SD 9.6), of leaf area was occupied by type A epidermal cells. In both barley lines and experiments, >50% of type A epidermal cells had contact with at least one fungal appressorium (Table 1) . Somewhat higher values were obtained for experiment 1 (probably due to small differences in inoculum viability) in which inoculation had greater effects on g l (Fig. 2) . In Pallas, 16% and 7% (experiments 1 and 2, respectively) of living type A cells contained a primary haustorium, whereas P01 contained virtually none. Cell death was infrequent in Pallas, whereas in P01 a high proportion of stomatal complexes (40-50%) were adjacent to at least one type A cell killed as a result of HR. Where attacks did not produce a haustorium or cause cell Loss of barley stomatal control induced by powdery mildew 5 of 16 death, papilla-based penetration resistance had prevented infection.
Subsequently, the effects of each Bgh-barley genotype interaction on individual stomata (Table 1) were observed in cryofixed leaf segments by LTSEM (Fig. 3A-E) . To characterize stomatal behaviour in response to light during the phase of attempted penetration, leaves were sampled at 15 h.a.i. (Fig. 3A, B) , i.e. 3 h into the first light period. Of 50 randomly selected stomata in each of two healthy Pallas leaves, virtually all were fully open (96%; Fig. 3A ) whilst on two inoculated leaves, none was fully open, few were partially open (16%), and the majority (84%) were closed ) readings taken mainly in the dark. *, **, and *** above a data pair indicate a significant difference between healthy and inoculated plants at P <0.05, 0.01, and 0.001, respectively; ns indicates no significant difference. (Fig. 3B) . Although not recorded in detail, similar effects of Bgh inoculation on stomatal behaviour were noted in P01 at this time (Fig. 3C) .
To investigate the effects of established fungal colonies, segments from three healthy and three inoculated Pallas leaves 39 h.a.i. (second light period; Fig. 2 ) were sampled. Examination of 100 stomata from healthy segments (at least 33 observations from each leaf) showed that virtually all were fully or partially open (94%). In inoculated segments, every stoma adjacent to a single type A cell supporting a growing colony and therefore containing a functioning haustorium (as in Fig. 3D ), as well as stomata with no contact in type A cells, were examined. Where a colony was present, 90% of adjacent stomata were closed (45 of 50 cases found), and even where there was no appressorial contact with an adjacent cell, most stomata were closed (34%) or only partially open (39%; 50 and 57 of 145 cases, respectively). Thus, infection of a type A cell strongly impaired opening of adjacent stomata in light.
For investigations into longer term effects of inoculation on stomatal behaviour in darkness, two healthy and two inoculated Pallas and P01 leaf segments were sampled at the termination of experiment 2, i.e. ;4-5 h into the third dark period (Fig. 2B) . Of 100 randomly selected stomata examined in each segment, virtually all were closed in healthy Pallas and P01 as well as in inoculated Pallas (Table 2) . In inoculated P01, many stomata were fully (27.5%, Fig. 3E ) or partially open (8%). These data clearly show that the observed effects on g l (Fig. 2) were due to changes in stomatal aperture.
To establish which outcome of plant epidermal cellfungal interaction in P01 was most influential in establishing stomatal lock-up, populations of 20 (10 per segment) stomatal complexes (without direct fungal contact) were examined in the three situations illustrated in Fig. 4 . Observations of situation 1 and 2 (Fig. 4) suggested that HR of a type A cell or its immediate neighbour has a high potential to inhibit stomatal closure during darkness, whereas if cells survive attack and are not penetrated (situation 3), adjacent stomata are most likely to maintain their ability to close in darkness.
Inoculation with Bgh compromises the ability of P01 to respond to drought
One predicted effect of stomatal lock-up (Fig. 2) would be an inability of plants expressing HR to respond to drought stress by stomatal closure. Thus, g l was measured in healthy and inoculated plants during developing drought stress (Fig. 5A) . From 49 h.a.i., stomatal conductance of inoculated plants remained approximately constant and high, indicating failure of stomatal closure in both the early dark period (49 h.a.i.) and later during the developing water deficit. This contrasted with healthy plants in which g l fell continually as drought developed and stomata became increasingly closed. Throughout the experiment, healthy leaves remained turgid, but by 164 h.a.i. inoculated leaves were wilted (Fig. 5B) .
Stomata of P01 leaves inoculated with Bgh fail to respond to ABA As stomatal closure is often initiated by ABA, the responses of locked stomata to ABA were investigated (Fig. 6) . Healthy leaves showed low g l in the dark period preceding treatment (59 h.a.i.), much higher g l in the light 1 h before treatment (64 h.a.i.), and very low g l 30 min after ABA treatment (65.5 h.a.i.). This contrasts dramatically with the situation in inoculated leaves where high (and statistically indistinguishable) g l was recorded before and after treatment. Thus, whereas ABA application caused rapid closure of stomata in healthy leaves, it had virtually no effect on the locked open stomata of inoculated leaves.
Expression of mlo5-mediated penetration resistance has only a transient effect on stomatal conductance
Since papilla-based resistance conferred by mlo5 almost totally prevents Bgh penetration, it was predicted that plants with this allele may not show stomatal lock-up but may 
graminis-barley interaction in cells adjacent to stomata
Percentages of stomata in Pallas (susceptible) and P01 (Mla1 resistance) barley leaves adjacent to at least one type A epidermal cell which was either attacked by a B. graminis appressorium, killed by B. graminis attack (indicated by whole-cell autofluorescence), or survived penetration by B. graminis and contained a fungal haustorium. Data are from light and fluorescence microscopy on leaves fixed at termination of experiments 1 and 2 (Fig. 2) Loss of barley stomatal control induced by powdery mildew 7 of 16 show a transient reduction in g l as a consequence of papilla formation. To test this, g l in healthy and inoculated leaves of Pallas and its isoline P22 (with mlo5) as well as the susceptible barley line Risø-S and its near isogenic sister line Risø-R (with mlo5) were compared (Fig, 7) . As before (Fig. 2) , from 11 until at least 18 h.a.i., healthy leaves of all lines showed higher g l than inoculated leaves responding to attempted penetration. Thereafter, colony development on both susceptible lines (Pallas and Risø-S) was associated with impaired stomatal opening in light periods but with little effect on closure in darkness. From 22 h.a.i., inoculated leaves of Risø-R behaved similarly to healthy leaves but with a slightly slower reduction of g l with the onset of darkness. In contrast, during the third dark period, inoculated P22 leaves had relatively high g l throughout the dark period, indicating that stomata had failed to close. This suggested that expression of penetration resistance in P22 was leading to cell death and consequential stomatal lock-up (Fig. 3) . To confirm these changes were due to stomatal responses, four inoculated leaves of each line were examined by light microscopy and LTSEM. In both susceptible lines, only a relatively small proportion of stomata were directly adjacent to dead cells (11.9% and 2.5% in Pallas and Risø-S, respectively). As expected, penetration resistance of both mlo5 lines prevented haustorial formation in all epidermal cells other than stomatal subsidiary cells in which haustoria were seen very occasionally (4.5% and 5.0% were infected in Risø-R and P22, respectively). Crucially, very few attacks killed epidermal cells of Risø-R so that only 4.4% of stomata were adjacent to dead cells. In contrast, cell death was far more frequent in P22 where 25.6% of stomata were adjacent to at least one dead type A cell.
The LTSEM observations of P22 and Risø-R ( Fig. 3F-H) showed that where appressoria lay on living type A cells of Risø-R or P22, most adjacent stomata failed to open during the first light period (Fig. 3F ), and were almost invariably open during the second light period (Fig. 3G ), but were closed during the second dark period (Fig. 3H, left hand attack) . This supports the conclusion that effective penetration resistance has only a transient effect and that stomata recover function after papilla deposition is completed. However, in P22, as seen previously in P01, wherever a type A cell was killed, the adjacent stoma was almost invariably open in later dark periods (Fig. 3H , central attack). (Table 2 ). Twenty cases were examined for each of three different situations. In situation 1, open stoma were located and adjacent type A cells and their immediate outlying neighbours (labelled 'O') were examined to determine whether they were attacked by an appressorium and, if so, whether they had survived. In situation 2, stomatal complexes that lay adjacent to a dead type A cell were located and note was made of whether the stoma was fully or partially open, or closed. In situation 3, stomatal complexes that lay adjacent to one living type A cell in contact with an appressorium were located, and note was made of whether the stoma was fully or partially open, or closed.
Loss of barley stomatal control induced by powdery mildew 9 of 16 
Very early responses to inoculation
Previous experiments showed reduced g l by 11 h.a.i. in response to infection, even though the first 12 h.a.i. were in darkness when stomata are mostly closed and thus their inherent capacity to respond is low (Figs 2, 6 ). To increase g l during these early hours, the light cycle was reversed so that 12 h light immediately followed inoculation (Fig. 8) . In all lines, inoculation led to a rapid reduction in g l that was significant by 2 h.a.i. in P01, by 3 h.a.i. in Risø-R, and by 4 h.a.i. in Pallas. Differences between inoculated and healthy leaves stabilized by 4-5 h.a.i. before g l fell in both healthy and inoculated leaves towards the end of the light period. At the end of the following dark period (23 h.a.i.), g l remained slightly lower in inoculated leaves of all lines except Risø-R.
Inoculation effects are not transmitted acro-or basipetally
Inoculation of the leaf tips or bases had no effect on g l in the dark of the uninoculated region except in P01 where the uninoculated base had a slightly reduced g l (Fig. 9) . In the light, changes in g l were not transferred acro-or basipetally from the infected region, although in Risø-R, the effect of inoculation was small so that changes would be difficult to detect. Thus, localization of responses to the region of infection is confirmed.
Discussion
Blumeria graminis infection is known to impair stomatal opening in light (Majernik, 1971; Ayres and Zadoks, 1979) , but here the first report of stomatal responses occurring as a consequence of HR-or papilla-based resistance is provided. Each outcome had different consequences that have particular implications for vital plant functions that include coping with drought, controlling dark respiration, and maximizing photosynthetic efficiency. For entire plants, stresses due to stomatal dysfunction may be temporary if, for instance, unfavourable weather or fungicide application curtails disease development. For an individual leaf, however, effects may persist throughout its life which, in turn, is likely to be shortened as a result. This may be of great significance to the final performance (e.g. yield) of an annual plant such as barley if photosynthetic potential is lost at a critical time (Carver and Griffiths, 1982) . In line with earlier reports (Majernik, 1971; Ayres and Zadoks, 1979) , powdery mildew disease development on susceptible cultivars impaired stomatal opening in the light (Fig. 2) . Ayres and Zadocks (1979) also observed impaired stomatal closure in darkness, but no evidence of this was found (Figs 2, 6, 8; Table 2 ). Our measurements were Fig. 2. (B) Images of inoculated and healthy leaves taken at 164 h.a.i. For clarity, leaves other than the inoculated (first) leaf were excised just before the picture was taken. intentionally terminated before the onset of disease-induced senescence, whereas Ayres and Zadoks used naturally infected flag leaves which may have contained senescent tissues that affected their measurements. Nevertheless, in accordance with Ayres and Zadoks (1979) , the effect of established colonies was localized as no acro-or basipetal transmission was detected between infected and healthy portions of the same leaf.
Induced stomatal closure was detected within 2-4 h.a.i. (Fig. 8) , well before appressoria matured (Green et al., 2002;  Fig. 1 ). The effect was sufficient to reduce significantly circadian rhythm-mediated anticipation of the darklight transition. The findings align well with studies by Martin et al. (1975) showing reduced transpiration (indicating stomatal closure) by wheat seedlings within 3-6 h of applying B. graminis conidia. Their conclusion that this was a non-specific response to inoculation is supported by the similarity of effects seen in all barley genotypes used here, irrespective of their resistance.
It is not clear exactly how the fungus instigated stomatal closure this early in the interaction. PGT contact initiates host cell responses at ;2 h.a.i., leading to papilla deposition (Zeyen et al., 2002) and increased transcription of various genes (Clark et al., 1993; Boyd et al., 1994; Eckey et al., 2004; Hein et al., 2004) . A second wave of cytological and transcriptional events occurs after appressoria mature when attempted penetration of the host cell is underway at ;10-18 h.a.i. (Clark et al., 1993 (Clark et al., , 1994 Boyd et al., 1994; Zeyen et al., 2002; Eckey et al., 2004; Hein et al., 2004) . Many of these are common to the PGT-associated Loss of barley stomatal control induced by powdery mildew 11 of 16 activity but of generally much greater magnitude and, importantly, many are common to both susceptible and resistant lines including those carrying Mla1 and mlo5. Such commonality is to be expected because all lines show some degree of papilla-based, background resistance irrespective of their single gene resistance. Furthermore, even where penetration succeeds, some papilla constituents accumulate to form the haustorial neck collar that seals the penetration site. It seems plausible, therefore, that plant cell activities common to deposition of PGT-associated papillae, effective papillae formed beneath appressoria, and haustorial neck collars lead to the non-specific consequence of temporary closure of stomata or loss of their ability to respond to light.
There can only be speculation on the mechanistic basis of this non-specific effect. Recent evidence shows that oxalate produced by Sclerotinia spp. alters guard cell osmoregulation in dicot hosts, interfering with ABAinduced stomatal closure and facilitating secondary spread of the fungus (Guimãres and Stotz, 2004; Livingstone et al., 2005) . However, available evidence indicates that fungally derived oxalate is not involved in the Bgh-barley interaction. There is no evidence that Bgh generates oxalate, and, if it did so, the anticipated effect would be opposite to the observed impairment of stomatal opening seen here. Furthermore, impaired stomatal opening in susceptible Pallas leaves persisted as colonies established and grew, and if the growing fungus was generating oxalate, stomatal lock-open in darkness would have been expected; but there was no evidence for this. Many factors other than oxalate may play a part in the early stages. Papilla initiation and deposition is associated with the transient localized generation of NO (Prats et al., 2005) which is a rapidly diffusible, highly reactive signalling molecule associated with stomatal closure (Garcia-Mata and Lamattina, 2001; Desikan et al., 2002) . Further, PGT contact is associated with a dramatic, transient export of protons from the substomatal apoplast . g l of tips and bases of healthy leaves (white bars) and, for leaves inoculated on the tip or base, g l in inoculated (black bars) and noninoculated regions (grey bars) of the same leaf, in barley lines Pallas, P01, and Risø-R. Measurements were made in the third dark (59 h.a.i.) and light (66 h.a.i.) periods following inoculation. Different letters above the bars indicate a significant difference (P <0.05) within a treatment/lighting environment combination. (Felle et al., 2004) , and their movement to the guard cell cytosol could be associated with stomatal closure. Attempted penetration from appressoria is associated with rapid fluctuation in apoplastic proton concentration and decreasing Ca 2+ concentration (Felle et al., 2004) , and this could be due to its transport into the guard cell cytosol where increased [Ca 2+ ] would inhibit the K + -in channel (Grabov and Blatt, 1999) and impair opening. Alternatively, it may be that energy-consuming activities associated with host responses lead to increased respiration elevating the partial pressure of CO 2 (pCO 2 ), increasing pH, and therefore closing the stomata (McAinsh et al., 1991) . There is, however, no evidence for a sustained apoplastic pH rise during the phase of attempted fungal penetration (Felle et al., 2004) , so this is unlikely to explain stomatal closure/failure to open at this time. On the other hand, a sustained apoplastic pH rise in susceptible leaves occurs when colonies start to develop (Felle et al., 2004) , and this may contribute to the persistent impedance of stomatal opening. This is not likely to be the only important factor, however. As biotrophy establishes, the pathogen will probably act as a sink for osmolytes such as sucrose which would otherwise be diverted towards guard cells to increase turgidity (Outlaw, 2003) . These consequences of infection would all impair stomatal opening in light but allow closure in darkness.
Though behaving similarly to susceptible lines in the early stages, following HR, from ;24 h.a.i., P01 showed symptoms consistent with severe disruption of stomatal function (Fig. 2) . Persistently from this time forward, stomata became locked up and unable to respond properly either to darkness where respiration predominates and pCO 2 is elevated, or in light where pCO 2 is reduced. The strength of this effect was demonstrated by the inability of stomata to close in response to drought or after treatment with ABA. As stomatal and subsidiary cells were turgid, this phenomenon cannot be explained as a loss of cell viability. Also, although lock-up becomes apparent during or immediately after the generation of NO and H 2 O 2 associated with cell death (Vanacker et al., 2000; Prats et al., 2005) , these signals are unlikely to play a role since both initiate stomatal closure, not opening (Pei et al., 2000; Garcia-Mata and Lamattina, 2001; Desikan et al., 2002) . Similarly, the significant and prolonged elevation in pH of the stomatal apoplast that follows elicitation of HR by Bgh (Felle et al., 2004) cannot explain the effect since stomatal opening is ultimately due to proton extrusion that leads to acidification of the apoplast (reviewed by Outlaw, 2003) . However, a possible explanation is that type A epidermal cells and their neighbours have a substantial influence on the turgor relationships of barley stomatal complexes. As noted earlier, Sclerotinia infection in certain dicot hosts has been shown to impair severely the ability of stomata to shut, and release of oxalate by the fungus has been implicated in this effect (Guimãres and Stotz, 2004; Livingstone et al., 2005) . However, this is unlikely to be the cause of stomatal lock-open seen as a consequence of HR in P01 primarily because the fungus is arrested within 24 h.a.i. and this would halt any putative oxalate generation. Furthermore, the strong accumulation of oxalate oxidase transcripts and of the encoded protein that occurs 15-24 h.a.i. within mesophyll underlying P01 epidermal cells undergoing HR (Gregersen et al., 1997; Zhou et al., 1998) would degrade oxalate and produce H 2 O 2 which should close stomata. However, when epidermal cells die as a result of HR (e.g. as in P01), or as a consequence of uncontrolled H 2 O 2 production (Piffanelli et al., 2002) following papilla formation (e.g. as in P22), their collapse (Fig. 3E, H) will reduce their turgor drastically relative to the stomatal complex and perhaps reduce water flow to the subsidiary cell which would in turn lose turgor. If guard cell turgor is maintained by water flow from other routes (e.g. via living type A cells lying between complexes or via the mesophyll), alteration of turgor balance could cause the stomatal pore to open since opening depends on the balance between guard cell and subsidiary cell turgor. Confirmation of such a model requires further experimentation which is beyond the scope of the present paper. It is also possible that other more complex controls (e.g. involving cell signalling) underlie stomatal lock-up.
Besides the Mla1-mediated HR, other evidence suggests that lock-up can be a general result of pathogen-induced cell death. Thus, a similar, albeit delayed, effect was found in P22 where the ultimate death of attacked epidermal cells was also relatively frequent. This was unexpected because in P22, resistance is generally considered to be dependent on mlo5-mediated papilla formation in epidermal cells that survive (Lyngkjaer and Carver, 2000; Schulze-Lefert and Panstruga, 2003) . However, papilla formation in mlo5 barley is associated with a particularly strong H 2 O 2 burst (Freialdenhoven et al., 1996; Hückelhoven et al., 1999) and in the cv. Ingrid background this can lead to a second burst in underlying mesophyll cells which subsequently die (Piffanelli et al., 2002) . Furthermore, in certain genetic backgrounds, the gene is also associated with extensive spontaneous cell death (Bjørnstad and Aastveit, 1990) . It is interesting to compare the results from P-22 and Risø-R where resistance is also mlo5 mediated. In the case of Risø-R, cell death occurred infrequently and, while the early, transient suppression of stomatal opening was evident, lock-up was not. It can be assumed, therefore, that cell death in P22, like the HR of P01, led to stomata locking open. Similarly, loss of stomatal ability to close in darkness was reported after the onset of HR in cucumber cotyledons infiltrated with avirulent bacteria (Pike and Novacky, 1988) and in a band of living epidermis surrounding necrotic lesions in potato leaf tissues killed by Phytophthora infestans infection (Farrell et al., 1969) . Thus, although sparse, the evidence from several different pathosystems indicates that the death of cells close to stomatal complexes impedes closure.
Our data have implications for plant breeding strategies. The ease of incorporating single resistance genes into high yielding backgrounds has stimulated proposals for strategies aimed at increasing the durability of resistance conferred by major genes (Wolfe and McDermott, 1994; Hsam and Zeller, 2002) . These include 'pyramiding' two or more major genes from different loci into a single cultivar, incorporating major gene resistance into a genetic background with quantitative resistance, and using multilines or cultivar mixtures in which individual component plants within a crop carry different major genes. While these approaches may increase durability of crop resistance conditioned by major genes, our observations indicate potential danger in using any strategy that relies upon HR in situations of high inoculum potential. Here, the plant may suffer not only from transient expenditure of energy required for execution of HR (Smedegaard-Petersen and Stølen, 1981) , but also from locking open of stomata in the proximity of dead cells. Such a loss of stomatal control that persists for the life of the leaf will have obvious deleterious consequences for the control of carbohydrate synthesis and metabolism and the ability of plants to withstand drought.
There has been no detailed evaluation of the cost of effective papilla formation although it is often considered an 'energetically frugal means of plant defence' (Mellersh et al., 2002) . Our observations show that expression of the highly effective papilla-based resistance in Risø-R has only a temporary effect on stomatal function. This is a previously unsuspected advantage of papilla-based resistance that provides a further argument for its use in plant breeding. The measurement of g l with a diffusion porometer clearly has potential for rapidly screening plants where B. graminis attack causes minimal disruption to stomatal function, and this may have direct application for plant breeding.
